Bridges in Complex Networks by Wu, Ang-Kun et al.
Bridges in Complex Networks
Ang-Kun Wu,1, 2 Liang Tian,1, 3 and Yang-Yu Liu1, 4, ∗
1Channing Division of Network Medicine, Brigham and Women’s Hospital,
Harvard Medical School, Boston, Massachusetts, 02115, USA
2Department of Physics, Chu Kochen Honors College,
Zhejiang University, Hangzhou, Zhejiang, 310027, China
3College of Science, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China
4Center for Cancer Systems Biology, Dana-Farber Cancer Institute, Boston, Massachusetts, 02115, USA
(Dated: February 14, 2017)
A bridge in a graph is an edge whose removal disconnects the graph and increases the number of
connected components. We calculate the fraction of bridges in a wide range of real-world networks
and their randomized counterparts. We find that real networks typically have more bridges than
their completely randomized counterparts, but very similar fraction of bridges as their degree-
preserving randomizations. We define a new edge centrality measure, called bridgeness, to quantify
the importance of a bridge in damaging a network. We find that certain real networks have very
large average and variance of bridgeness compared to their degree-preserving randomizations and
other real networks. Finally, we offer an analytical framework to calculate the bridge fraction ,
the average and variance of bridgeness for uncorrelated random networks with arbitrary degree
distributions.
A bridge, also known as cut-edge, is an edge of a
graph whose removal disconnects the graph, i.e., in-
creases the number of connected components (see Fig. 1,
red edges) [1]. A dual concept is articulation point (AP)
or cut-vertex, defined as a node in a graph whose removal
disconnects the graph [2, 3]. Both bridges and APs in a
graph can be identified via a linear-time algorithm based
on depth-first search [4] (see Supplemental Material Sec.I
for details) and represent natural vulnerabilities of real-
world networks. Analysis of APs has recently provided
us a new angle to systematically investigate the struc-
ture and function of many real-world networks [5]. This
prompts us to ask if similar analysis can be applied to
bridges.
Note that bridge is similar but different from the notion
of red bond introduced in percolation theory to charac-
terize substructures of percolation clusters on lattices [6].
To define a red bond, we consider the percolation clus-
ter as a network of wires carrying electrical current and
we impose a voltage drop between two nodes in the net-
work. Then red bonds are those links that carry all cur-
rent, whose removal stops the current. The definition of
bridges does not require us to impose a voltage drop on
the network. Instead, it just concerns the connectivity of
the whole network.
Despite that bridges play important roles in ensuring
the network connectivity, the notion of bridge has never
been systematically studied in complex networks. What
is the typical number of bridges in a random graph with
prescribed degree distribution? Are the bridges in a real
network overpresented or underpresented? How to quan-
tify the network vulnerability in terms of bridge attack?
In this Letter, we systematically address those questions
in both real networks and random graphs.
We first calculate the fraction of bridges (fb := Lb/L)



































































































































































































































































































































































































































































































































































FIG. 1. Bridges in real-world networks. Bridges (in
red) are edges whose removal will increase the number of con-
nected components in a graph. (a) Food web of Grassland [7];
(b) The protein-protein interaction network of C. elegans [8];
(c) A subgraph of the road network of California [9]; (d) A
subgraph of the power grid in three western states of US [10].
ture networks to food webs, neuronal networks, protein-
protein interaction (PPI) networks, gene regulatory net-
works, and social graphs. Detailed information of those
networks can be found in Supplemental Material Sec. IV.
Here Lb and L denote the number of bridges and total
links in a network, respectively. We find that many real
networks have very small fraction of bridges, while a few
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FIG. 2. Fraction of bridges in real-world networks.
The dashed lines are y = x. The error bars represent
the standard deviation, calculated from 100 randomizations.
(a) Complete randomization of real networks. (b) Degree-
preserving randomization.
bridges (Fig. 2a). To identify the topological charac-
teristics that determine fb in real networks, we compare
fb of a given network with that of its randomized coun-
terpart. We first randomize each real network using a
complete randomization procedure that turns the net-
work into an Erdo˝s-Re´nyi (ER) type of random graph
with the number of nodes N and links L unchanged [11].
We find that most of the completely randomized net-
works possess very different fb, compared to their cor-
responding real networks (Fig. 2a). This indicates that
complete randomization eliminates the topological char-
acteristics that determine fb. Moreover, we find that
real networks typically display much higher fb than their
completely randomized counterparts (Fig. 2a). By con-
trast, when we apply a degree-preserving randomization,
which rewires the edges among nodes while keeping the
degree k of each node unchanged, this procedure does
not alter fb significantly (Fig. 2b). In other words, the
characteristics of a real network in terms of fb is largely
encoded in its degree distribution P (k).
In order to quantify the importance of an edge in dam-
aging a network, we define an edge centrality measure B,
called bridgeness, for each edge in a graph as the number
of nodes disconnected from the giant connected compo-
nent (GCC) [12] after the edge removal. By definition,
if an edge is not a bridge or outside the GCC, it has
zero bridgeness. Also, in the absence of GCC, all edges
have zero bridgeness. We notice that bridgeness has been
defined differently in the literature [13–16] (see Supple-
mental Material Sec.II). Here we define bridgeness based
on the notion of bridge and we focus on the damage to
the GCC, which is typically the main functional part of
a network.
Bridgeness differentiates edges based on their struc-
tural importance. Consider all bridges that have non-








































FIG. 3. Average and variance of bridgeness in real-
world networks. The bars represent the values of real net-
works and empty symbols represent the values of their degree-
preserving randomizations. The error bars represent the stan-
dard deviation, calculated from 10 randomizations. (a) Av-
erage bridgeness. (b) Variance of bridgeness.
variance as 〈B〉 and var(B), respectively. We find that
Word Wide Web (WWW) and road networks have much
larger 〈B〉 than their randomized counterparts and other
real networks (Fig. 3a). Moreover, those networks also
have very large var(B) (Fig. 3b). The reason why road
networks have very large 〈B〉 and var(B) is the presence
of very long paths and the expense of constructing alter-
native paths. While for WWW, the reason is the pres-
ence of certain bridges that connect different large bicon-
nected components in the GCC (see Supplemental Ma-
terial Sec.IV). Here a biconnected component (BCC) is
a connected subgraph where for any two nodes there are
at least two paths connecting them that have no nodes
in common other than these two nodes [17]. (Note that
by definition no bridges exist in a BCC.)
Since the bridge fractions in real networks are almost
the same as their degree-preserving randomized counter-
parts, the difference of average bridgeness between real
networks and their degree-preserving randomizations in-
dicates variations of vulnerability of those networks in
terms of bridge attack. Fig. 3a shows that certain types
of networks, such as air traffic, road networks, social
graphs and WWW, are more vulnerable, displaying much
larger 〈B〉 than their randomizations. By contrast, the
Internet at the autonomous system (AS) level and the
Internet peer-to-peer (p2p) file sharing networks have
smaller 〈B〉 than their randomized counterparts, indicat-
3a b
FIG. 4. Demonstration of different types of edges.
(a) The green lines, red lines and black lines represent α-
edges, β-edges and γ-edges, respectively. (b) Neighborhood
of a β-edge. The red line is a β-edge and the black square and
ellipse represent an FCC and the GCC, respectively, after the
removal of the β-edge.
ing that those networks are robust from the bridge attack
perspective.
The results of real-world networks prompt us to ana-
lytically decipher bridge structure for large uncorrelated
random networks with prescribed degree distributions.
To begin with, we adopt the local tree approximation,
which assumes the absence of finite loops in the thermo-
dynamic limit (i.e., as the network size N → ∞) and
allows only infinite loops [5]. This approximation leads
to three important properties: (1) all finite connected
components (FCCs) are trees, and hence all edges inside
them are bridges; (2) there exists only one giant con-
nected component (GCC) [18], only one BCC (which has
no bridges), and the BCC is a subgraph of the GCC; (3)
subgraphs inside the GCC but outside the BCC are trees
and all edges in those subgraphs are bridges [5, 18–22].
Based on the above considerations, we categorize all
the edges in a graph into three types (Fig. 4a): (i)
α-edge: edges in FCCs, which are bridges; (ii) β-edge:
edges inside the GCC but outside the BCC, which are
also bridges; (iii) γ-edge: edges inside the BCC, which
are not bridges. Hereafter we also use α, β or γ to de-
note the probability that a randomly chosen edge is a
α-edge, β-edge, or γ-edge, respectively. By definitions,
we have α + β + γ = 1, and fb = α + β. Note that ac-
cording to our definition of bridgeness, only β-edges have
nontrivial bridgenesses, i.e., B > 0.







k−1 are very useful in calculating
key quantities of random graphs, such as the mean com-
ponent size and the size of GCC [18]. Here Q(k) =
kP (k)/c, and c =
∑
k=0∞kP (k) is the mean degree. To
calculate α, β and γ, we introduce the generating func-
tion H1(x) for the size distribution of the components
that are reached by choosing a random edge and follow-
ing it to one of its ends. (Note that the notation H0(x) is
reserved for the generating function of the size distribu-
tion of the components that a randomly chosen node sits
in, see Supplemental Material Sec. III) [18]. Note that
we only include the FCCs in calculating H1(x), which
means that the chosen edge must be a bridge, namely
either α- or β-edge.
According to the local tree approximation, H1(x) sat-






Equation (1) implies that following a bridge, the excess
edges of its end to finite subcomponents should also be
bridges. We can rewrite Eq. (1) using the generation
function of Q(k), i.e.,
H1(x) = xG1(H1(x)). (2)
Define u := H1(1), which represents the probability
that following a randomly chosen edge to one of its end
nodes, the node belongs to an FCC after removing this
edge. Then the probability that a randomly chosen edge
is an α-edge or belongs to an FCC is simply α = u2. For
a β-edge, one of its end nodes belongs to an FCC and
the other one belongs to the GCC after removing this
edge. Hence we have β = 2u(1 − u). For a γ-edge, both
of its end nodes belong to the GCC after its removal, and
hence γ = (1−u)2. Note that the normalization condition
α+β+γ = 1 is naturally satisfied. The fraction of bridges
is simply given by
fb = α+ β = 1− (1− u)2. (3)
In Fig. 5a, we show the bridge fraction fb calculated
from Eqs.(2) and (3), the relative size of BCC (sBCC) [17],
and the relative size of GCC (sGCC) [18] as functions of
mean degree c in ER random graphs with Poisson degree
distribution P (k) = e−cck/k! [11]. We find that before
the GCC and BCC emerge at the percolation threshold
c∗ = 1, all components are FCCs and all edges are α-
edges, rendering fb = 1. After the emergence of the
GCC and BCC at c∗ = 1 [21], fb begins to deviate from
1, and the fraction of β-edges displays a non-monotonic
behavior (because the difference between sGCC and sBCC
increases first and then decreases). We also calculate fb
for scale-free (SF) networks with power-law degree dis-
tribution P (k) ∼ k−λ generated by the static model [23–
25]. For SF networks, the smaller the degree exponent λ,
the smaller the percolation threshold c∗ [21], rendering
fb deviate from 1 at smaller c
∗ (Fig. 5b).
Besides fb, we can also calculate the bridgeness dis-
tribution P (B) from H1(x). For nontrivial bridgeness
(B > 0) we only consider the bridges in the GCC. In
other words, we calculate P (B) for β-edges in random




P (B)xB , (4)
















































FIG. 5. Bridge and bridgeness in ER and SF ran-
dom networks. The size of all these random network
is 106. Curves in (a)-(d) are analytical predication about
bridges, and symbols are simulation results. (a) The behav-
ior of the bridge fraction fb, relative sizes of the BCC and
GCC (denoted as sBCC, sGCC, respectively) in ER random
graphs. (b) Bridge fraction in different random networks with
dashed vertical lines representing the corresponding percola-
tion threshold c∗ where the GCC and BCC emerge. Note that
c∗SF(λ = 2.5) = 0, c
∗
SF(λ = 3.0) ≈ 0.23, c∗SF(λ = 4.0) ≈ 0.75,
and c∗ER = 1.0. (c) Average bridgeness in random networks.
(d) The variance of bridgeness in random networks. For de-
tailed calculation and more distributions see Supplemental
Material Sec. III.
which leads to P (B) = 1B!
dBF (x)
dxB
|x=0. Since one end node
of a β-edge locates in the GCC after this edge is removed








where the numerator represents the generating function
for the bridgeness distribution of a randomly chosen β-
edge, and the denominator originates from the fact that















We calculate the average bridgeness 〈B〉 and the vari-
ance of bridgeness var(B)(:= 〈B2〉− 〈B〉2) in ER and SF
random networks (Fig. 5c-d). We find that for both ER
and SF networks, 〈B〉 and var(B) monotonically decrease
as c increases. Note that 〈B〉 and var(B) of SF networks
are typically lower than those of ER networks for small
c, and higher for large c. This is because SF networks
tend to first form densely connected components of hub
nodes and then slowly stretch out. This means that they
form the BCC earlier but extending bridges while ER
networks absorbs bridges quickly. The divergent behav-
ior of bridgeness around the percolation threshold c∗ is
due to the emergence of the GCC, which initially is tree-
like and therefore contains bridges with a huge range of
bridgeness.
In conclusion, we systematically investigate the bridge
structure in complex networks. We demonstrate bridges
in real-world networks, calculate the fraction of bridges
in different networks, and define a new edge centrality
measure, called bridgeness, to quantify the importance of
bridges in damaging a network. Finally we analytically
calculate bridge structure in random graphs with pre-
scribed degree distributions. The presented results help
us understand the complex architecture of real-world net-
works and may shed lights on the design of more robust
networks against bridge attack.
Acknowledgements: We thank Wei Chen for valuable
discussions. This work is supported by the John Temple-
ton Foundation (Award number 51977), National Natu-
ral Science Foundation of China (Grant No. 11505095),
Research Fund for the Doctoral Program of Higher Ed-
ucation of China (Grant No. 20133218120033), and the
Fundamental Research Funds for the Central Universities
of China (Grants Nos. NS2014072 and NZ2015110). Au-
thor Contributions: Y.-Y.L conceived and designed the
project. A.-K.W and L.T. did the analytical calculations.
A.-K.W. did the numerical simulations and analyzed the
empirical data. All authors analyzed the results. A.-
K.W. and Y.-Y.L. wrote the manuscript. L.T. edited the
manuscript.
∗ Corresponding author: yyl@channing.harvard.edu
[1] B. Bolloba´s, Modern graph theory, volume 184 of Graduate
Texts in Mathematics (Springer-Verlag, New York, 1998).
[2] M. Behzad and G. Chartrand, Introduction to the Theory
of Graphs (Allyn and Bacon, Boston, 1972).
[3] F. Harary et al., Graph theory (Addison-Wesley Reading,
MA, 1969).
[4] R. Tarjan, SIAM Journal on Computing 1, 146 (1972).
[5] L. Tian, A. Bashan, D.-N. Shi, and Y.-Y. Liu, Nat. Com-
mun. (in press), arXiv:1609.00094.
[6] R. Pike and H. E. Stanley, J. Phys. A: Math. Gen. 14,
L169 (1981).
[7] J. A. Dunne, R. J. Williams, and N. D. Martinez, Proc.
Natl. Acad. Sci. USA 99, 12917 (2002).
[8] N. Simonis, J.-F. Rual, A.-R. Carvunis, M. Tasan, I. Lem-
mens, T. Hirozane-Kishikawa, T. Hao, J. M. Sahalie,
K. Venkatesan, F. Gebreab, et al., Nat. Methods 6, 47
(2009).
[9] J. Leskovec and A. Krevl, SNAP Datasets:
5Stanford Large Network Dataset Collection
(https://snap.stanford.edu/data/) (2014).
[10] D. J. Watts and S. H. Strogatz, nature 393, 440 (1998).
[11] P. Erdo¨s and A. Re´nyi, Publ. Math. Inst. Hung. Acad.
Sci 5, 43 (1960).
[12] B. Bolloba´s, W. Fulton, A. Katok, F. Kirwan, and
P. Sarnak, in Random graphs (Cambridge University
Press, New York, 2001).
[13] T. Nepusz, A. Petro´czi, L. Ne´gyessy, and F. Bazso´, Phys.
Rev. E 77, 016107 (2008).
[14] K. Gong, M. Tang, H. Yang, and M. Shang, Chaos 21,
043130 (2011).
[15] P. Jensen, M. Morini, M. Karsai, T. Venturini, A. Vespig-
nani, M. Jacomy, J.-P. Cointet, P. Merckle´, and E. Fleury,
Journal of Complex Networks , cnv022 (2015).
[16] X.-Q. Cheng, F.-X. Ren, H.-W. Shen, Z.-K. Zhang, and
T. Zhou, J. Stat. Mech. 2010, P10011 (2010).
[17] M. E. J. Newman and G. Ghoshal, Phys. Rev. Lett. 100,
1 (2008).
[18] M. E. Newman, S. H. Strogatz, and D. J. Watts, Phys.
Rev. E 64, 026118 (2001).
[19] R. Cohen, K. Erez, D. Ben-Avraham, and S. Havlin,
Phys. Rev. Lett. 85, 4626 (2000).
[20] D. S. Callaway, M. E. Newman, S. H. Strogatz, and D. J.
Watts, Phys. Rev. Lett. 85, 5468 (2000).
[21] S. N. Dorogovtsev, A. V. Goltsev, and J. F. Mendes,
Rev. Mod. Phys. 80, 1275 (2008).
[22] M. Mezard and A. Montanari, Information, physics, and
computation (Oxford University Press, 2009).
[23] K.-I. Goh, B. Kahng, and D. Kim, Phys. Rev. Lett. 87,
278701 (2001).
[24] M. Catanzaro and R. Pastor-Satorras, Eur. Phys. J. B
44, 241 (2005).
[25] J.-S. Lee, K.-I. Goh, B. Kahng, and D. Kim, Eur. Phys.
J. B 49, 231 (2006).
6Supplemental Material
Algorithm for identifying bridges and Calculating
Bridgeness
The algorithm for identifying bridges in a network is
based on depth-first search (DFS), which has linear time
complexity [1]. Randomly choosing a node from the net-
work, we start DFS and track two indices for each node
i: its DFS visited time stamp (DFS[i]) and the lowest
DFS reachable ancestor (low[i]). DFS[i] is defined as the
number of other visited nodes till the current one in DFS.
And low[i] represents the lowest DFS[j] of an previously
visited node j that can be reached again by current node
i in the later DFS. Note that, for two successively visited
nodes i and j in the DFS, the index low[i] is updated by
min(low[i], low[j]) after j is visited.
Note that low[i] marks the node’s topological position
in the network. For two nodes i and j in the same bicon-
nected component (BCC), low[i]=low[j]. For nodes in
tree structure, low[i]=DFS[i], which is different for each
node. A bridge between two nearest neighboring nodes
(i and j) is identified whenever the later visited node,
say node i, has larger low[i] than that of the previously
visited node j.
To calculate the size (b) of the subgraph that will be
cut from the network due to the removal of a bridge, we
can simply use current time step (T ), i.e., the number of
visited nodes, to subtract the DFS visited time stamp of
the end of the bridge (which is inside the BCC), and plus
one. For instance, in Fig. 6(c), b = T − DFS[3] + 1 =
6−3 + 1 = 4. Naturally each bridge has two components
to be cut from the network. And we define bridgeness
to be the smaller size of the two components. Thus, to
calculate the bridgeness, we need to go through the giant
connected component (GCC) again, and Bis calculated
as min{b, S−b}, where S represents the size of the whole
connected component, see Fig. 6(e).
To summarize, we first conduct DFS in each connected
component of a graph to identify bridges with one of the
separating parts (b) after their removal and get the size
of each connected component. Then we go through the
GCC again to get the bridgeness (B) of each β-edge.
Previous definitions of bridgeness
The notion of bridgeness has been introduced in the
literature with various different definitions. But none of




















































































FIG. 6. Using depth-first search to identify bridges
and calculate bridgeness. The labels in nodes and arrows
on edges represent the sequence of DFS, red edges are bridges,
and for each node its two indices are presented as a coordinate
(DFS[i], low[i]). (a) Initial state of indices. (b) The moment
when DFS just finishes visiting all the nodes in the connected
component. The size S of this connected component is given
by the current time step T . (c-e) Updates of indices when
the search goes back. (f) Checking through all nodes in the
component and let bridgeness be the size of the smaller part
separated from that component.
e
x y
FIG. 7. An example for the local bridgeness. In this
example, Sx = 4, Sy = 5, Se = 3 and Be = 1.49.
A local index on edge significance in maintaining
global connectivity
In [2], the bridgeness of an edge is defined to be a local







where x and y are the two endpoints of the edge e and
Sx, Sy, Se are the clique sizes of nodes x, y and the edge
e, respectively. A clique of size k is a fully connected
subgraph with k nodes [3] and the clique size of a node
x or an edge e is defined as the size of maximum clique















FIG. 8. Betweenness centrality and bridgeness cen-
trality. The sizes of nodes are proportional to their degrees
and colored nodes are articulation points, where the green one
is the global center and red ones are local centers. Numbers in
nodes are their BC or BRI measures. (a) Betweenness central-
ity in a graph. (b) Bridgeness centrality in the same graph.
Betweenness cannot differentiate the global center (the green
node) from APs (red nodes), as it gives slighter higher score
to high-degree nodes, which are local centers. In contrast,
bridgeness centrality effectively scores the node that plays an
important role in global connectivity (the green node).
Global bridges in networks
A node-based bridgeness, called bridgeness centrality
(BRI), is derived from the node’s betweenness centrality








where i, j, k are nodes; σik represents the number of
shortest paths between i and k while σik(j) is the num-
ber of such paths running through j. The bridgeness








where NG(j) are neighbor nodes of j. Examples are
shown in Fig. 8.
Nodal bridgeness in communities with overlap
Nodal bridgeness can also be defined as a generaliza-
tion of articulation point to solve the community detec-
tion problem. The number of communities M in a graph
can either be given in advance or by some community
detection algorithm [9] and the partition of nodes is rep-
resented by the partition matrix U = [uik], where uik
measures the relationship between the node vk and com-
munity i, which is determined by the complicated parti-
tion based on vertex similarities [9]. This nodal bridge-
ness measures the extent, to which a given node is shared
among different communities [9]. If a node belongs only
to one community, it has zero bridgeness while a node
shared by all communities has bridgeness one. This brid-
geness is defined on a vertex vi as the distance of its mem-
bership vector ui = [u1i, u2i, ..., uMi] from the reference
vector [1/M, 1/M, ...1/M ] in the Euclidean vector norm,











Bridges in random graphs with specific degree
distributions
In this section, we derive the equations in analytically
calculating the first and second moments of the bridge-
ness distribution, as well as the relative size of GCC and
BCC, for uncorrelated random graphs with prescribed
degree distributions.






Q(k) = kP (k)/c and the self-consistency equation









































with u = H1(1) is the probability that following a ran-
domly chosen edge to one of its end nodes, the node be-


















Consequently, the variance of bridgeness is
var(B) := 〈B2〉 − 〈B〉2 = H
′




Note that G0(x) =
∑∞
k=0 P (k)x
k is the generat-





1 (x) = xG0(H1(x)) is the gen-
erating function for the size distribution of components
that a randomly chosen node sits in. For the calculation
of the relative size of GCC, we let sFCC be the fraction
of vertices in the graph that do not belong to the giant
component. Hence we have
sFCC = H0(1) = G0(u). (10)
Then the relative size of the GCC is given by
sGCC = 1− sFCC = 1−G0(u). (11)
For the calculation of the relative size of BCC, it can















k=1 kP (k)(1−u)uk−1 means that
if a vertex is outside the BCC, its surroundings should
have at most one element that is not u.
Here we propose a new method to calculate sBCC,
which relies on the result of sGCC. Consider the β-edges,
which are inside the GCC but outside of the BCC. Note
that each β-edge can be assigned to one node that is in-
side the GCC but outside the BCC. Hence sBCC can be
calculated as:
sBCC = sGCC − βc/2 = sGCC − u(1− u)c, (13)
where βc/2 = u(1 − u)c represents the fraction of β-
edges normalized by total number of nodes. Note that
the above two equations are equivalent, because G′0(u) =
cG1(u) = cu.
Poisson-distributed graphs
The degree distribution P (k) for Erdo˝s-Re´nyi random





with c is the mean degree. Then the generating functions
are:
G0(x, c) = e
c(x−1), (15)
















1− cu , (20)
we have
fb = [1− (1− u)2], (21)
and
〈B〉 = 1
1− cu . (22)
Substituting Eq. (S16-22) into Eq. (S6-9), we can get
var(B) =
cu
(1− cu)3 . (23)
Besides, by Eq. (S11-13, 19), we also have
sGCC = 1− ec(u−1), (24)
and
sBCC = 1− ec(u−1) − u(1− u)c. (25)
Results are shown in main text Fig. 5.
Exponentially distributed graphs
The degree distribution for exponentially distributed
graphs is [12, 13] :
P (k) = (1− e−1/κ)e−k/κ, (26)
and the mean degree is
c =
e−1/κ
1− e−1/κ . (27)
The generating functions are
G0(x) =
1− e−1/κ










(1− xe−1/κ)3 , (30)
G′′1(x) =
6e−2/κ(1− e−1/κ)2
(1− xe−1/κ)4 . (31)
Inserting Eq. (S26-31) into Eq. (S5-13), we can get fb,
sGCC, sBCC, 〈B〉 and var(B). Results of these quantities
can be found in Fig. 9,10.
Purely power-law distributed graphs
The degree distribution for purely power-law dis-








−λ is the Riemann Zeta function.
Note that P (k) can be normalized only for λ ≥ 2. It
is obvious that the mean degree is larger than 1 in this
situation and larger λ leads to smaller mean degree.











k/kn is the nth polylogarithm of
x, whose derivative is dLin(x)dx =
Liλ−1(x)
x . The derivatives
of the generating functions are
G′1(x) =
Liλ−2(x)− Liλ−1(x)
x2ζ(λ− 1) , (35)
G′′1(x) =
Liλ−3(x)− 3Liλ−2(x) + 2Liλ−1(x)
x3ζ(λ− 1) . (36)
Inserting Eq. (S32-36) into Eq. (S5-13), we can get
fb, sGCC, sBCC, 〈B〉 and var(B). Results are shown in
Fig. 9,10.
Power-law distribution with exponential cutoff
The degree distribution for a purely power-law distri-




for k ≥ 1. (37)





























Power-law with exponential cutoff κ=100
1.24 c
a b c
FIG. 9. The analytical results of the bridge fraction
fb, relative sizes of the BCC and GCC in different
random graphs. (a) Exponentially distributed graphs. (b)
Purely power-law distributed graphs. (c) Power-law distribu-
tion with exponential cutoff parameter κ = 100.




































FIG. 10. Bridge fraction, average and variance of
bridgeness in different degree distribution. All the re-
sults are analytical and the dashed lines mark their percola-
tion positions.
This distribution can be normalized for any λ.



















Inserting Eq. (S37-41) into Eq. (S5-13), we can get
fb, sGCC, sBCC, 〈B〉 and var(B). Results are shown in
Fig. 9,10.
Static model
In the main text, we use static model to generate scale-
free (SF) random graphs [14]. This model consists of
following steps [12]:
• Given N isolated nodes, we label them from 1 to N .
For each node i, we assign a weight pi ∝ i−a, where
10
a = 1λ−1 and λ is the characteristic parameter of
SF graphs.
• Then we randomly choose two nodes according to
their weights and connect them if they are not con-
nected. Self-links and multi-links are forbidden
here. We repeat this step until M = cN/2 links
are added.
The degree distribution of the static mode can be an-




Γ(k − 1/a, c(1− a))
Γ(k + 1)
, (42)
with Γ(s) the gamma function and Γ(s.x) the upper
incomplete gamma function. When k → ∞, P (k) ∼
k−(1+1/a) = k−λ. Therefore, we can build different SF















e−xyy−ndy is the exponential integral.
Note that the derivative of En follows E
′
n = −En−1(x).
From the generating functions, we can derive fb, sGCC,
sBCC, 〈B〉 and var(B). Results are shown in main text
Fig. 5.
Network datasets
Detailed information about the real-world networks
analyzed in this paper are listed in Tables S1 with brief
descriptions. We categorize networks according to their
types and show their names, numbers of nodes, edges,
bridges and biconnected components, size of the GCC as
well as the average, variance and maximum of bridgeness.
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